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The o b j e c t i v e  of t h e  p resen t  s tudy  h a s  been t o  o b t a i n  s c l e a r  under- 
s tanding of  the  p resen t  and p a s t  v i b r a t i o n  record of TS3 eng ines  ever-  
hauled a t  Corpus C h r i s t i  Army Depot. T h i s  unders tanding inc ludes  an  
eva lua t ion  of the  v i b r a t i o n  r e j e c t i o n  r a t e ,  p r i n c i p a l  sources  of v ib ra -  
t i o n ,  and normal procedures taken by t h e  overhaul c e n t e r  t o  reduce 
engine v i b r a t i o n .  Documented d a t a  f o r  1977 i n d i c a t e  t h a t  23 percent  
of overhauled engines  t e s t e d  f a i l  i lcceptni~ce test c r i t e r i a  because o f  
excess ive  v i b r a t i o n .  A t  times, t h i s  f i g u r e  h a s  been repor ted  t o  exceed 
LO percent  of  a l l  T53 eng ines  t e s t e d .  Resu l t ing  c o s t  p e n a l t i e s  t o  t h e  
overhaul c e q t e r  are es t imated a t  $430,000 - $750,000 per  year.  
Ana ly t i ca l  and exper imenta l  d a t a  have been compared t o  determine t h e  
engine 's  dynamic response t o  unbalance fo rce .  R e s u l t s  show t h a t  t h e  
engine opera tes  throup!~ bending c r i t i c a l  speeds.  One of t h e s e  c r i t i c a l  
speeds is i n  c l o s e  proximity t o  a s p e c i f i e d  v i b r a t i o n  t e s t  speed. Flex- 
i b l e  r o t o r  unbalance f o r c e s  e x c i t e  response t o  t h i s  c r i t i  a 1  speed and 
r e s u l t  i n  excess ive  v i b r a t i o n  l e v e l s .  P resen t  r i g i d  r o t o r  b a l r n c i n g  tech- 
n iques  a r e  incapable  of reducing t h i s  f l e x i b l e  r o t o r  unbalance. A 
combination of high and low speed r o t o r  module ba lanc ing  techniques  is 
proposed f o r  eva lua t ion  and implementation. 
Engine v i b r a t i o n  l e v e l s  measured i n  the  t e s t  c e l l s  d i f f e r e d  s i g n i f i c a n t l y  
from those  measured i n  a i r c r a f t  i n s t a l l a t i o n s .  These d i f f e r e n c e s  were 
caused by d i f f e r e n c e s  i n  engine mount irlg conf igura t ions .  It is proposed 
t h a t  t h e  p resen t  engine suppor t  s t r u c t u r e s  i n  t h e  test c e l l s  be  modified 
t o  b e t t e r  r e f l e c t  the  dynamic response of a i r c r a f t  i n s t a l l a t i o n s .  
Analys is  of  engine  test c e l l  d a t a  has ind ica ted  t h a t  the  s p l i n e  connect ion 
a t  the  j o i n t  between tile power t u r b i n e  and power s h a f t  of fs tb ts  r a d i a l l y  
dur ing engine opcra t  ion,  thus  int.rt\;~:;ing the  e f f e c t i v e  amount of engine  
[~nb.~l .~nce.  'Phis phentrmenon, i f  r r l j rcscn t a t  i v e  of a s i g n i f  i cnn t  p o r t i o n  
of T53 engines ,  w i l l  i ~ f  feet anv low i l~~d/crr  h igh speed halance  e f f o r t s .  
This  s p l i n e  connection should he ~ w , ~ l u a t c d  i n  any f u t u r e  e f f o r t  t o  reduce 
T5J engine v i b r a t  ion l e v e l s .  
Work accomplished unJer the present contract has resulted in an understand- 
:ng of the fundamental causes of T53 vibration levels. A number of excita- 
tion sources exist, which should be explcred in future efforts to reduce 
the maintenance and overhaul costs associated with vibration related prob- 
lems. 
SECTION I 
INTRODUCTION 
I n  Harch, 1977, Mechanical Technology Incorporated (MTI) c o n t r a c t e d  w i t h  
NASA t o  perform a  twelve month s tudy  of T53 engine  v i b r a t i o n  c h a r a c t e r i s t l . ~ ~  
a t  t h e  Corpus C h r i s t i  Army Depot (CCAL)), Corpus C h r i s t i ,  Texas. The scope 
of the  p r e s e n t  work h a s  included a n  e v a l u a t i o n  of v i b r a t i o n  r e j e c t i o n  r a t e s .  
p r i n c i p a l  sources  of  v i b r a t i o n ,  and normal procedures taken by t h e  overhaul  
c e n t e r  t o  reduce engind v i b r a t i o n .  
;n r ecen t  years ,  t h i s  type  of  e x p e r t i s e  i n  the  a r e a  of  h igh speed r o t a t i n g  
machinery has  i n c r e a s i n g l y  been a p p l i e d  i n  many a s p e c t s  of  g a s  t u r b i n e  
des ign and a n a l y s i s .  I n  a d d i t i o n  t o  the  p resen t  e f f o r t ,  MTI is c u r r e n t l y  
under NASA c o n t r a c t s  NAS3-19408 and NAS3-18520. These c o n t r a c t s  invo lve  
a n a l y t i c s i  and exper imenta l  work on o t h e r  gas  t u r b i n e  engines  f o r  h e l i c o p t e r  
a p p l i c a t i o n s  . 
Of p a r t i c u l a r  i n t e r e s t  f o r  t h e s e  engines  is t h e  p o t e n t i a l  a p p l i c a t i o n  of 
new u u l t i p l a n e  balancing techniques ,  which have been developed and re- 
f i n e d  i n  t h e  last  s e v e r a l  years .  These techniques  a l low f l e x i b l e  r o t o r s  
to  be balanced a t  h igh speeds,  thereby ach iev ing  a  degree of balance  t h a t  
cannst  be a t t a i n e d  wi th  ,aw speed r i g i d  r o t o r  balancing methods. A n a l y t i c a l  
s t u d i e s  have revealed t h a t  t h e  T53 power t u r b i n e  r o t o r  module does o p e r a t e  
through bending c r i t i c a l  speeds.  Mu1 t i p l a n e  mu1 t i s p e e d  ba lanc ing  techniques  
are a p p l i c a b l e ,  and can have s i g n i f i c a n t  e f f e c t  i n  reducing engine  vibra-  
t i o n  l e v e l s  and r e s u l t i n g  overhaul  c o s t s .  
SECTION I1 
ANALYSIS OF T53 E3GINE VIBPATION 
A. T53 Engine Vibration Analysis 
1. Computer Simulation 
The T53 engine contains two rotor modules. The high speed rotor is com- 
prised of the compressor and gas generator and the low speed rotor is 
comprised of the power turbine and power shaft. Figure 1 shows a cross 
section of the T53 engine. Figure 2 also shows an engine cross section, 
but with the rotors extracted from the engine case for greater clarity. 
As Figure 2 shows, the compressor rotor consists of 5 axial stages and 1 
centrifugal stage. The compressor is bolted to a two stage gas generator 
turbine which drives the rotor. This rotor is supported by two rolling 
element bearings, one at the front of the compressor and one between the 
compressor and the turbine. The power turbine rocor consists of a two 
stage power turbine which is splined to the power output shaft. This rotor 
is supported by threc rolling elemttnt bearings, two located adjacent to the 
second stage turbine wheel and a srcall steady bearing at the opposite end 
of the power shaft. 
A computer simulation of the T53 engine was constructed to analytically 
determine the engine's critical operating speeds i4v.d response to unbalance 
forces. The engine was modeled for use in an existing multilevel rotor- 
dynamic computer program. The program included gyroscopic effects and 
assumed both rotorstobe at the same speed. Distributed unbalance forces 
were added to each compressor and turbi2e stage. From past turbomachinery 
manufacturing experience, the unbalance distribution was selected to pro- 
vide typicei forces for the T53 engine's design and assembly procedures. 
Total weight additions for the analysis presented below were 31g (1.1 oz) 
in the compressor rotor and 178 (0.6 oz) in the power turbine. These are 
nominal values, given the present balancing and assembly methods at CCAD. 
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Figure 2 Expanded V i e w  Of T y p i c a l  T53 Enqine Cross-Section 
2. Mode Shapes a t  C r i t i c a l  Speeds 
The c r i t i c a l  speeds c a l c u l a t e d  f o r  t h e  T53 engine model agree  c l o s e l y  wi th  
a c t u a l  engine t e s t  d a t a .  Because of s i g n i f i c a n t  d i s s i m i l a r i t i e s  i n  engine 
mounting conf igura t ions ,  c r t t j c a l  speeds and mode shapes have been calcu-  
l a t e d  f o r  both  test c e l l  and t y p i c a l  a i r c r a f t  i n s t a l l a t i o n s .  
The c r i t i c a l  speeds c a l c u l a t e d  f o r  both i n s t a l l a t i o n s  a r e  shown i n  Table 1: 
TABLE 1 
T53 CRITICAL SPEED ANALYSIS 
C r i t i c a l  Speed (rpm) 
I n s t a l l a t i o n  - 1st 2nd 
-
3 rd 
-
4th  
-
5 t h  
-
Tes t  C e l l  3,500 10,700 13,100 17,600 23,200 
A i r c r a f t  3,100 8,900 12,700 19,600 28,0006: 
F igures  3  through 7 present  t h e  eng ine ' s  dynamic response f o r  each c r i t i c a l  
speed. The t e s t  c e l l  model (lower curve on each f i g u r e )  inc ludes  t h e  dynam- 
i c  e f f e c t  of t h e  water brake (used t o  load t h e  engine) and an engine exhaust  
cone. These dev ices  a r e  no t  p resen t  i n  a i r c r a f t  i ~ s t a l l a t i o n s .  Engines i n  
t e s t  c e l l s  a r e  mcnnted only a t  t h e  p,..ar case .  A d e t a i l e d  d t scuss ion  of 
engine mountings is presented ii, t h e  following s e c t i o n .  
The water  brake is bo l ted  t o  t h e  output  s h r f t  end of the  engine and weighs 
n e a r l y  160 kg (350 l b ) ,  o r  approximately 60 percen t  of t h e  weight of t h e  
T53 engine.  Th is  l a r g e  can t i l evered  mass r e s t r i c t s  t h e  motion of t h e  out-  
put s h a f t  -nd of t h e  engine and g e n e r a l l y  causes  t h e  engine t o  p ivo t  around 
t h a t  end. The exhaust  cone weighs approximately 11 ~g (25 l b ) .  Th i s  mass 
has l i t t l e  dynamic e f f e c t  on t h e  engine and genera1l.y a c t s  a s  a  r i g i d  body 
ex tens ion  of t h e  engine case .  
The f i r s t  two c r i t i c a l  speeds (Figures  3  and 4) a r c  e s s e n t i a l l y  t h e  eng ine ' s  
c s v l  indr ica l  anrl c.onicS;l 1 r i g i d  body modes n l  tllougl~ the  power t u r b i n e  docs 
.- --- 
*This speed is  above t h e  maximum e n g i n e  speed f o r  T53 e t g i n e s  (maximtlm 
opera t ing  speed: power t u r b i n e  - 21,080 rpm;  compl:ssor - 25,150 rpm). 
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e x h i b i t  some minor bending a t  t h e s e  speeds. F igurs  I a l s o  shows t h e  
r e s t r a i n i n g  e f f e c t  of t h e  water brake. Conical  mode v i b r a t i o n  of t h e  
engine c a s e  is much less than i n  t h e  unres t ra ined  a i r c r a f t  i n s t a l l a t i o n .  
A t  t h e  t h i r d  c r i t i c a l  speed (Figure S ) ,  t h e  power t u r b i n e  shows major 
bending, whi le  t h e  compressor and engine c a s e  remain r e l a t i v e l y  r i g i d .  
The test ce l l  and a i r c r a f t  mode shapes a r e  very s i m i l a r .  The most s i g -  
n i f i c a n t  bending occurs  a t  t h e  s p l i n e  j o i n t  between t h e  power t u r b i n e  
and power s h a f t .  
The l a r g e s t  d i f f e r e n c e  between a i r c r a f t  and t e s t  c e l l  mode shapes  i s  a t  t h e  
f o u r t h  c r i t i c a l  speed (Figure  6) .  In both i n s t a l l a t i o n s , t h e  compressor, and 
t o  a  l e s s e r  e x t e n t  t h e  engine case ,  respond i n  t h e  f i r s t  compressor mode, 
which could be descr ibed a s  a  con ica l  " r i g i d  r o t c r "  mode. However, t h e  presence 
of t h e  water brake i n  the  t e s t  c e l l  conf igura t ion  r e s t r i c t s  t h e  displacement of 
one end of t h e  engine and carlses a  "whipping" a c t i o n  and l a r g e r  d isplacements  
a t  t h e  oppos i t e  end. Maximum test c e l l  d isplacements  of both t h e  cc  o r e s s o r  
and power t u r b i n e  r o t o r s  a r e  near ly  t h r e e  and a  ha l f  t imes l a r g e r  than i n  t h e  
a i r c r a f t  model. The l a r g e  displacements a t  t h e  No. 3 bear ing a r e  accommodated 
by t h e  r e l a t i v e l y  s o f t  pedes ta l  bear ing support .  
I t  is important t o  note  t h a t  t h e  f o u r t h  t e s t  c e l l  c r i t i c a l  speed is i n  c l o s e  
approximation t o  t h e  80 percent power t u r h i n e  speed s p e c i f i e d  a s  a  v i b r a t i o n  
test speed. This  t e s t  speed has h i s t o r i c a l l y  caused many v i b r a t i o n - r e ? a t e d  re- 
j e c t i o n s  i n  t h e  t e s t  c e l l .  Rotor unbalance plays  n c r u c i a l  r o l e  i n  engine re-  
sponse a t  c r i t i c a l  speeds.  This problem is discussed i n  d e t a i l  i n  Sec t ion  I V .  
F igure  7 p r e s e n t s  t h e  mode shape f o r  t h e  f i f t h  c r i t i c a l  engine speed i n  t h e  
test c e l l .  This  speed is g r e a t e r  than t h e  maximum power t u r b i n e  speed.  The 
compressor remains r e l a t i v e l y  r i g i d  while t h e  engine case  shows a  "whipping" 
r e a c t i o n  t o  t h e  water brake. The f i f t h  c r i t i c a l  speed i n  t h e  a i r c r a f t  was 
c a l c u l a t e d  t o  be approximately 28,000 rpm, w e l l  above t h e  maximum o p e r a t i n p  
speed f o r  tile engine.  
B. I.xycrimcnt.ll Analysis 
- .  --- ---. ------- -- 
V e r i f i c a t i o n  of the  c r i t i c a l  speeds predic ted by the  computer a n a l y s i s  w a s  
accomplished by measuring ~ c t u a l  v i b r a t i o n  l e v e l s  o f  engines  opera t ing  i n  both 
. t e s t  c e l l s  and a i r c r a f t .  Two engines  were operated i n  a  t e s t  c e l l  and a  
third engine was tested in a helicopter. A block diagram of the instrumenta- 
tion used to record and analyze engine vibration data is presented in Figure 8. 
Figure 9 shows the engine locations of vibration pick-ups. For test cell 
measurements,a fourth sensor is used to measure radial vibration and is 
located on the casing of the water brake. 
Figureslothrough 13 present engine test cell vibration. These figures show 
the effect of power turbine unbalance on the engine case. These plots show 
only vibration that is synchronous with the power turbine's rotating speed 
(i.e., once per revolution). Through use of a synthesizer and tracking 
filter (see Figure 8), influence from other frequencies has been eliminated. 
These figures present vibration in units of velocity. Several points on each 
figure have been converted to displacement. Although each engine shows 
individual characteristics, the T53 power turbine generally shows peak responses 
at approximately 11,000, 13,000 and 17,000 rpm. These speeds compare well 
with the critical speeds predicted by the computer model used to simulate 
the T53 engine (see Table 1). 
Figures 10 and 11 also show the effect of simultaneously operating both en- 
gine rotors at the same approximate speed. The large peak at 10,800 rpm 
for sensor No. 3 is the result of rotational excitation from both the power 
turbine and the compressor at an engine critical speed. As Figure 10 shows, 
vibration amplitude at sensor No. 3 exceeded 0.25 mm (0.01 inch) at 10,800 
rpm power turbine speed. Compressor rotor speed was constant at 12,800 
rpm. As power turbine speed increased to 11,000 rpm, the combined excit- 
ation from both rotors electricallv saturated the sensor and the signal 
was lost. At this point, an inspection of the operating engine disclosed 
that sensor No. 3 was shaking radially approximately + 1.5 am (1116 inch). 
This excessive vibration may have been intensified by the method of attach- 
ment of sensor No. 3. This problem is discussed in detail in Section IV. 
Figure 11 also shows a phenomenon thatmy impact any attempt to reduce T53 
vibration rejection rates. The instantaneous jump in vihratlon amplitude 
at 19,500 rpm is usually indicative of either a shift in rotor components 
or dynamic offset of a spline connection. The fact that the rotor did not 
maintain its high level of vibration in subsequent engine accels (see Fig- 
ure 13) essentially eliminates shifted rotor components as the source of 
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OI POOR QUAWTlC 
A - PICK-UP V1 (RADIAL) 
B - PICK-UP V2 (AXIAL) 
c = PICK-UP v3 (RADIAL) 
N1 - COMPRESSOR TACH 
N2 = TURBINE TACH 
Figure 9 Locations of Engine Vlbrat ion Pick-ups - T53  - L - 1 3  Engine 


V
el
nc
lt
y 
OI
J- 
R
es
po
ns
e 
a
t 
Po
w
er
 T
ur
bi
ne
 F
re
qu
en
cy
 O
nl
y 
SI
M
UL
TA
NM
US
 R
UN
-U
P 
O
F 
M
m
l 
RO
TO
RS
 
I 
S
8%
S
 
P
) 
r
D 
OD
 4
 
8
 
W
I 
8 '9 
8 
8 
$C
oo
'&
 
O: 
-
 
n
lis
 pl
ot
 P
re
se
nt
s 
V
lb
r 
ti
on
 A
t 
-
4 
.
 .
 
r
)
 
-
a 
r
(r
(r
(r
 
c
 
-
4 
.
-
I 
P
ar
er
 T
ur
bi
ne
 R
ot
e'
lo
na
) 
S
p
ed
 -
 
1
1
 1
 
-
 
'
 
C
or
re
sp
on
di
ns
 C
om
pc
ee
so
r 
S
w
ed
 1
6 
Cf
M
PR
ES
SO
R 
SP
P.
P.
D,
 r
pm
 
Sl
ln
ur
~ A
t 
Le
ft
 
8 7. 
Fi
gu
re
 1
2 
T5
3 
T
es
t 
C
el
l 
V
ib
ra
ti
on
 -
 
En
gi
ne
 N
o.
 
1 
0
 0
 
.
?
I 
S1
:4
UI
,T
AU
E(U
S 
RI
M
-U
I' 
OF
 W
II
 l
lU
rO
llS
 
n
o
la
 P
lo
t 
F
rr
aa
n
ts
 V
ll
~
rn
tl
c
m
 A
t 
P
cu
er
 T
u
rb
in
e 
R
n
to
t I
n
n
s1
 S
pe
ed
- 
C
l~
rr
eu
pu
nd
ln
B
 C
tn
vr
~.
um
t~
r Sp
ee
d 
11
, 
S
l~
nv
n A
t 
lr
ft
 
fi 
0
0
0
"
 
0
 
m
a
n
 
0
-
 
C
I 
C
l 
0
 
4 
-
4 
4
 
4
 4
 
C
l 
-
 -
 
-
 -
 
-
 
-
 
-
-
 
-
 
-
 -
 
Y~
W
YW
 TI
IW
U 
I N
(: 
SP
l?
Rl
), r
lw
 
F
ig
ur
e 
13
 
T5
3 
T
es
t 
Ce
ll
 V
ib
ra
ti
on
 -
 
E
ng
in
e 
N
o.
 
2 
.
"
.
 
.
 
.
 
.
.
 
.
 
.
 
.
.
 
.
,
 
.
,
-
.
.
-
.
 
.
.
 
.
 
"
-
.
 
-
 
,
 
,
.
'
.
 
.
 
*.
 
w
'
-
"
-
 
-
 
.
.
,.
 
~
 
-
.
.
.
 -
.
.
.
 .
.
.
,
6
,
,
.
b
*
'.
*
 
-
,
 
the jump. At low speeds, che load centering capability of the spline re- 
sists the unbalance force of the rotor. However, the unbalance fcrce in- 
creases with speed until at some point (19,500 rpm in this case) the un- 
balance force exceeds the load centering capacity of the spline and the 
spline connection shifts radially to an out-of-center position. This action 
increases the unbalance force, resulting in more engine case vibration. 
An engine decel allows the spline to again center the load. Subsequent 
accels may position the spline in alternate locations and the resulting 
response may not be repeatable from one accel to another. 
The pro>ability of an offsetting splirle in the T53 engine should he con- 
sidered as part of any follow-on effort. If representative of a signifi- 
cant portion ol' overhauled T53 engines, this problem will imnact any other 
attempt : reduce engine vibration rejection rates. 
Figures 12 (2ngine No. 1) and 13 (Engine No. 2) also show the effect of 
power turbine unbalance. However, the compressor rotbr speed was also 
changing and at no time were both rotors operating at the same speed 
(actual compressor rotor speed is also noted on these figures). 
Figure 14 shows the dominance of power turbine rotation in the noise sig- 
nature. The rather dominant "mountain range" rgnning from the lower left- 
hand corner is the rotating speed of the power turbine. This path also 
gives general indications of engine critical speeds. 
Figure 15 presents T53 vibration with an engine mounted in an aircraft. 
Vibration ievels on this figure are shown as a function of compressor 
rotor speed. Principally because of mounting dissimilarities, the overall 
vibration levels were generally lower than those measured in the test cell. 
Stiffer mountings in the aircraft also affected the  region^ of peak re- 
sponse. As Figure 15 shows, there are few well defined peaks in the data. 
Computer simulation predicted critical speeds at 8,900, 12,700 and 19,600 
rpm. Although some peaking of the d3ta occurs in those speed ranges, the 
basic result of these measurements is' the significant difference in over- 
all vibration levels when compared to test cell op2ration. Compresst; 
rotor speeds above 21,500 rpm could not be attained hecause of incipient 


l i f t - o f f  . Neither  in-f 1 i s h t  nor t  ie-dowl t e a t  ing was fc i l s ih le  hecauso of 
a l a c k  of 60H.: power f o r  t h e  r e c o r d l n ~  ins t rumenta t io t~ .  I t  should bc notcd 
t h a t  t h e  a i r c r a f t  engine t r s t c d  was not .I p a r t i c u l a r l y  well bal;~nct*d PI\- 
gine.  Records of test c e l l  v i b r a t i o n  diitit f o r  t h i s  engine showed it t o  
be comparo ,~!~  t o  o t h e r  accepted engines. C U D  personnel a l s o  ind ica ted  
t h a t  few er,qines t h a t  meet t h e  t e s t  c e l l  v i b r a t i o n  c r i t e r i a  have unsccept- 
a b l e  v ib ra t -on  i n  t h e  a i r f rame.  Ct~mparing a c t u a l  test d a t a  wi th  a m p l ~ t u d e s  
p red ic ted  by t h e  computer s imula t ion  shows t h a t  test cel l  vibr . t t ions  were 
somewhat h igher  than p red ic ted  while a i r c r a f t  l e v e l s  were lower than pre- 
d i c t e d .  These d i f f e r e n c e s  a r e  most l i k e l y  caused by l a r g e r  d i s t r i b u t e d  un- 
balancrh i n  engine components than i n  t h e  model and by a i r c r a f t  suppor t  s t i f f -  
nesses and damping t h a t  were not  w ~ d e l e d  i n t o  t h e  computer program As t'c.vc1opc.d. 
the  computer nodel prvvided a key i n s i g h t  t o  unders tanding t h e  dynamics o f  
the  T53 engine. " ~ i n e  tuning'' of a computer model t o  mi r ro r  a c t u a l  test 
d a t a  can bc a  time-consuming and expensive e f f o r t  and was not considered 
t o  be of major importance I n  t h i s  proRram. 
Test  c e l l  v i b r a t i o n  l e v e l s  were higher  than a i r c r a f t  l e v e l s  because of 
i n s t n l l a t  ion d i f f e r e n c e s  between t h e  t e s t  cell and a i r c r o f  t. F ikures  16 
and 1 7  show t y p i c a l  rr ircref t mounting arrangements. The l e f t  s i d e  (Figure  
16)  c o n s i s t s  of a s i n g l e  l e g  s t r u t  a t  t h e  rompressor housing and a double 
support  a t  t h e  gear  case.  The r i g h t  s i d e  (Figure 17)  c o n s j s t s  of one 
double support  a t  the power t u r b i n e  cnaing.  The a i r c r a f t  s t r u c t u r e  t o  
which these  suppor t s  mount is made of l ightweight  but r i g i d  honeycombed 
metal .  
Figures  18 through 20 show t y p i c a l  test ce l l  mounting arrangements. When 
mounted i n  the  test c e l l ,  t h e  engine is supported i n  t h r e e  plirces around 
the  gear case  by a  trunnion-type yoke ( see  Figure  18). A rubber pad i n  
these  supports  f a c i l i t a t e s  assembly and i s o l a t e s  engine v i b r a t i o n .  The 
mounting voke is s o l i d l y  a t t ached  t o  n support  s t r u c t u r e .  Th i s  s t r u c t u r e  
is os  shown i n  F igu te  19 f o r  t h e  o ld  s t y l e  t e s t  c e l l s .  In  modernized t e s t  
c e l l s ,  t h e  s t r u c t u r e  is supported from above and pos i t ioned  by an overllead 
crane. Figure  20 shows t h i s  support  s t r u c t u r e .  
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Other i n s t a l l a t i o n  d i f f e r e n c e s  t h a t  may a f f e c t  comparabi l i ty  of t e s t  c e l l  
and a i r c r a f t  v i b r a t i o n  l e v e l s  inc lude  t h e  water brake and exhaust  plenum 
used only  i n  t h e  t e s t  c e l l .  (See Figures  19 and 20). I n  t h e  a i r c r a f t ,  a 
torque tube  and d r i v e  t r a i n  t ake  t h e  p lace  of t h e  water brake.  Also, t h e  
engine case  is i n  con tac t  w i t h  (but t h e o r e t i c a l l y  not supported by) f i r e  
w a l l s  and b l a s t  p r o t e c t o r s  a t  both t h e  compressor and power t u r b i n e  ends. 
The in f luence  of t h e s e  d i f f e r e n c e s  between t e s t  c e l l  and a i r c r a f t  i n s t a l -  
l a t i o n s  should be evaluated i n  any proposed e f f o r t  t o  make t h e s e  two t e s t  
conf igura t ions  dynamically s i m i l a r .  
SECTION I11  
- 
T53 ROTOR BALANCING AND 
----- -- 
ASSEMBLY PROCEDURE AT CCAD 
....-.------ - - -  
A. P r e s e n t  Balance P rocedures  
- -- 
F i g u r e s  21 and 22 show t h e  componer~t p a r t s  of T53 e n g i n e  r o t o r s .  Tllcx h igh  
speed r o t o r  (F igu re  ? I  ) c o n s i s t s  nf t h e  (.ompressor and g a s  g e n e r a t o r .  'I'ht. 
low speed r o t o r  ( F i g u r e  22) c o n s i s t s  of  t h e  power t u r b i n e  and power s h a f t .  
P r e s e n t  b a l a n c i n g  methods e n t a i l  low speed subassembly b a l a n c i n g  on Vee 
b l o ~ . k s ,  a r b o r s  a n d / o r  p r e c i s i o n  b e a r i n g s .  Wax is used t o  d e t e r m i n e  a "1 i g h t "  
a r e s  180' from t h e  "hravv" a r e a  where g r i n d i n g  is done. 
When b a l a n c i n g  t h e  power t u r b i n e ,  p r e c i s i o n  g rade  ABEC-7 b a l l  b e a r i n g s  a r e  
i n s t a l l e d  on t h e  s h a f t  p o r t i o n  of  t h c  second s t a g e  power t u r b i n e  r o t o r  u s i n g  
a i r c r a f t  s p a c e r s ,  l o c k i n g  cup ,  and lock  n u t .  (Note: Both b e a r i n g s  are o n  
t h e  same s i d e  of  t h e  d i s c  p o r t i o n  of t h e  t u r b i n e  r o t o r ,  t h u s  making i t  an  
I I overhung'' r o t o r . )  'Tlie "for~:e" ( i . e . ,  s t a t i c )  unbalance  is removed from t h e  
second s t a g e  power t u r b i n e  l e a v i n g  i n  t h e  "couple" ( i . e . ,  dynamic) uubnlance.  
The f i r s t  s t age - seco i~d  s t a g e  s p a c e r  is then  i n s t a l l e d  and r o t a t e d  as r e q u i r e d  
t o  o t t i r i n  minimum f o r c e  unbaiance .  I f  more t han  2.0 gram-inches of  unbalance  
remains ,  m a t e r i a l  is ground o f f  t h e  s p a c e r  t o  b r i n g  i t  and t h e  second s t a g e  
i n t o  l e s s  t han  t h i s  t o l e r a n c e .  The f i r s t  s t a g e  t u r b i n e  r o t o r  is  t h e n  b o l t e d  
t o  t h e  second s t a g e  r o t o r  w i t h  t h e  s p a c e r  s e r v i n g  T.S t h e  l o c a t i n g  and c e n t e r i n g  
dev ice .  Then t h e  f i r s t  s tage-second s t a g e  t u r b i n e  assembly is ba l anced  by 
removing t h e  f o r c e  unbalance ,  t h i s  t ime u s i n g  t h e  s i n g l e  c o r r e c t i o n  p l a n e  de- 
s igned  i n t v  t h e  f i r s t  s t a g e  t u r b i n e  r o t o r .  
Tlw power s h a f t  is a l s o  ba lanced  on :I b a l a n c i n g  machine. Vee b l o c k s  s u p p o r t  
t h e  s h a f t  d u r i n g  t h i s  two p l a n e  baliince. One Vee b lock  r i d e s  on  t h e  j o u r n a l  I 
f o r  t h e  powt>r s h a f t ' s  s t e a d v  b e a r i n g  w h i l e  t h e  o t h e r  Vee b lock  r i d e s  on  t h e  ! 
p i l o t  d i ame te r  n e s t  t o  t h e  power s h a f t  -powt.r t u r b i n e  s p l i n e .  Balance c o r r e c t  i o n s  i 
are  made a t  c , ~ c h  end of t h e  l a r g e  c c n t r a !  d i a m e t e r .  F i g u r e  2 2  shows a r e a s  where 
metal has  becn removed. W h t ~  t h i s  s h , \ f t  i s  suppor t ed  by Vee b l o c k s  d u r i n g  ba l -  i i lncing, i t  r o t a t e s  about  some c e n t e r  t h a t  i s  n o t  t h e  s h a f t ' s  c e n t e r  of r o t a t i o n  
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i n  t h e  assembled engine. Therefore,  any s h a f t  balanced by t h i s  method w i l l  
not  have t h e  same degree of balance i n  t h e  assembled engine.  
l t  should be noted t h a t  s i n c e  January,  1978, CCAD personngl have measure3 
t h e  dimensions of many overhauled power shaft-power t u r b i n e  s p l i n e s .  These 
measurements have shown t h a t  very f e t ~  of t h e  s p l i n e s  a r e  withir. t h e  p i t c l l  
diameter t o l e r a n c e  and p r i n t  a l lowable  run-out. Random mpasurements oE t h e  
power s h a f t ' s  p i l o t  diameter ( loca ted  a f t  of t h e  e x t e r n a l  sr"ne on t h e  
power s h a f t )  have a l s o  shown t h i s  p i l o t  worn u n d r r s i z e  from .025 t o  .250 mm 
(.001 t o . 0 1 0 i n c h e s ) .  When both  t h e  p i l o t  p:rd bore ( loca ted  a f t  of t h e  
i n t e r n a l  s p l i n e  i n  t h e  power t u r b i n e  r o t o r )  a r e  new, t h r r e  is on ly  .075 - 
.14 mm (.003-.0055 inches)  of d iamce.r ica l  c learance.  
The p i l o t / b o r e  wear and e x ~ e s s i v e  c lea rances  measured dur ing  overhaul  could 
only r e s u l t  from s h i f t i n g  and wearing power shaft-power t u r b i n e  s p l i n e s .  
This  phenomena i s  ~ g g r e v a t e d  by r e s i d u a l  unbalance i n  t h e  r o t o r ' s  components. 
As descr ibed aLove, t h e  f o r c e  r e s u l t i n g  from t h e s e  unbalances inc rease  wi th  
speed and - a u s e  t h e  s p l i n e  connection co s h i f t  r a d i a l l y ,  causing increased 
engine d b r a t i o n  a,,d wear. 
rhe compressor is  balanced a f t e r  assembly of a l l  f i v e  a x i a l  s t a g e s ,  t h e  
c e n t r i f u g a l  s t a g e  and s t u b  s h a f t .  Th i s  balance i s  accomplished i n  two p lanas  
on a balancing machine (us ing p r e c i s i o n  hear ings ) .  
The f i r s t  s t a g e  gas  generator  t u r b i n e  is balanced on a v e r t i c a l  ba lanc ing  
machine. The f i r s t  stage-second s t a g e  spacer  is then bo l ted  t o  t h e  f i r s t  
s tage.  The balance is then checked and t h e  spacer  r o t a t e d  i f  r equ i red .  
F i n a l l y  t h e  second s t a g e  is added and t h e  complete assembly rebalanced a s  
necessary  by g r ind ing  t h e  second s t a g e  t u r b i n e  wheel. 
The hit.l.::ilcing machines used a t  CCAD a r e  r e l a t i v e l y  o l d  and appeared t o  be 
i n  need of conti t luol maintenance. Although the  machines were n o t  examined 
c l o ~ e l y ,  i t  is not  c l e a r  t h a t  t h e  p r r c i s i o ~ r  balance requ i red  of h igh speed 
machinery such as the T53 r o t o r s  can be c o n s i s t e n t l y  a t t a i n e d  on these  
machines. Trial-and-error balancing techniques wi th  wax t r i a l  weights  i n  
t h e  high volume production environment a t  CCAD can e a s i l y  r e s u l t  i n  de lays  
and c o s t s  t h a t  may be reduced by newer balancing procedures and equipment. 
Approximately 3.5 mnhouro a r e  1;reeently requjred t o  balance t h e  fou: 
r o t o r  subassemblies - one hour each f o r  t h e  compressor, gas  genera to r  and 
power t u r b i n e ,  and one h a l f  hour f o r  t h e  power s h a f t .  This i s  a c r e d i t a b l e  
performance by CCAD personnel.  The r e p e t i t i o u s  n a t u r e  of subassembly 
build-up and balance,  and t h e  l a r g e  volumc o f  reba lanc ing  work caused by 
test c e l l  v i b r a t i o n  r e j e c t i o n s ,  permit CCAD person? 21 t o  berome h igh ly  
p r o f i c i e n t  i n  t h i s  area .  
B. P resen t  Assembly Procedures 
Assembly of T53 engines a t  CCAD takes  p l a c e  i n  va r ious  departmects wi th in  
t h e  p l a n t ,  wi th  t h e  s e v e r a l  i n t e r i m  balancing s t e p s  descr ibed above. A l -  
though p a r t s  of an  incoming engine t o  be overhauled a r e  inven tor ied  to- 
gz ther ,  t h e r e  is co assurance  hat these  p a r t s  w i l l  be reassembled on t h e  
same engine dur ing  overhaul. No pre-overhaul o p e r a t i o n a l  t e s t  i s  made. -4 
t e c h n i c a l  e v a l u a t i o n  o f  'omponents t o  be overhauled is made by personnel 
dur ing engine teardown. 
Because of t h e  power  haft's l a r g e  c e n t r a l  diameter.  i t  must be p l a c d  in- 
s i d e  t h e  in te rmedia te  s t a g e s  of t h e  compressor ( s t a ~ . : s  2 through 5) p r r o r  t o  
assembly of remaining compressor and gas  producer com2onents. Stages  2 
through 5 a r e  a welded u n i t .  The f i r s t  s t a g e  and s t u b  s h a f t  b o l t  t o  
t h e  ends of t h i s  u n i t .  The c e n t r i f u g a l  s t a g e  is f i t  and b- ': t . tile 
in te rmedia te  s t a g e s .  A s  shown i n  Figure  21, t h e  power s h a f t  is  t rapped 
i n s i d e  t h e  assembled compressor. This assembly i 3  the11 i n s t a l l e d  i n  t h e  
engine case .  
Because of t h e  s tacked n a t u r e  of t h e  eng ine ' s  hot s e c t i o n ,  both  t h e  gas  
generator  and 7ower t u r b i n e  must be disassembled f o r  i n s t a l l a t i o n  i n  che 
engine. Af te r  t h e  compressor (and trapped power s h a f t )  a r e  i n s t a l l e d  i n  
t h e  engine case ,  t h e  gas  Renerator i s  added s t a g e  by s t a g e  wi th  in te rven ing  
s t a t i o n a r y  vanes. The f i r s t  s t a g e  gas  genera to r  is loca ted  on t h e  com- 
p r e s s o r ' s  r e a r  s t u b  s h a f t  by two bronze cones t h a t  a r e  p r e s s  f i t  t o  t h e  
s t u b  s h a f t .  These two cones become t h e  f i r s t  s t a g e  gas  g e n e r a t o r ' s  a l i g n i n q  
device .  The r e a r  f a c e  of t h e  a f t  cone has  p ressure  t r ansmi t t ed  t o  i t  by a 
lock  nut .  A f t e r  t h e  in te rven ing  nozzle  is i n s t a l l e d ,  t h e  second s t a g e  gas  
genera to r  is bo l ted  t o  t h e  f i r s t  s t a g e  gas  genera to r  us ing a s p a c e r  as a 
cen te r ing  and l o c a t i n g  device.  The g a s  genera to r  s t a g e s  a r e  permit ted  t o  
have 0.05 mp (0.002 inch) runout when assembled t o  t h e  comDressor and no 
assembly balancing is done. 
The engine r o t o r s  assembled t h u s  f a r  a r e  as shown i r r  F igure  21. The end o f  
t h e  trapped pover s h a f t  p ro t rudes  from t h e  ends o f  t h e  compressor/gas gen- 
e r a t o r  r o t o r .  The pover t u r b i n e  is added t o  t h e  a f t  end of t h e  poker s h a f t  
s t a g e  3y s t a g e  wi th  in te rven ing  s t a t i o n a r y  vanes. I t  is s p l i n e d  t o  t h e  
s e p a r a t e l y  balanced power s h a f t  ancl secured i n  p l a c e  by a r e t a i n e r  b o l t  t h a t  
extends through t h e  power t u r b i n e  s h a f t  i n t o  t h e  threaded a f t  end o f  t h e  
power s h a f t .  
The present  balancing and assemhly techniques  used a t  CCAD would, a t  b e s t ,  
be marginal ly  accep tab le  f o r  o p e r a t i o n  i n  a low speed engine i n  which 
r o t o r s  o p e r a t e  below bending c r i t i c a l  speeds and t r u l y  remain r i g i d  bodies .  
Hwever,  a s  r e s u l t s  of t h e  a n a l y t i c a l  and experimental  s t u d i e s  d iscussed i n  
Sec t ion  I1 show, t h e  T53 power t u r b i n e  and s h a f t  i n  p a r t i c u l a r  t r a v e r s e  
s e v e r a l  bending modes i n  t h e  normal opera t ing  speed range of t h e  engine. I t  
is recomnended t h a t  t h e  power t u r b i n e  r o t o r  module be  high speed balanced as 
an  assembly through a l l  of  t h e  c r i t i c a l  speeds w i t h i n  t h e  engine 's  o p e r a t i n g  
speed range. Correct ion planes  should inc lude  both ends of t h e  power s h a f t ' s  
l a r g e  c e n t r a l  diameter and t h e  second s t a g e  power t u r b i n e  wheel. Because t h e  
compressor r o t o r  module reomins r i g i d  throughout t h e  engine 's  opera t ing  speed 
range, a q u a l i t y  la speed balance should r e s u l t  i n  s a t i s f a c t o r y  opera t ion  a t  
speed. It is recomnende.! t h a t  t h e  compressor-gas genera to r  r o t o r  module be 
low speed balanced as an  assembly before  i n s t a l l a t i o n  i n t o  t h e  engine. Cor- 
r e c t i o n  p lanes  should be on t h e  f i r s t  s t a g e  compressor and f i r s t  s t a g e  of t h e  
gas  genera to r  turbine .  
SECTION I V  
--
EVALUATION - OF PRESENT EN(;XE VIBRATION TEST PROCEDAU 
AND DIAGNOSTIC -.-- CAPABILITY AT C U D  
A. P r e s e n t  Engine V i b r a t i o n  Tes t  Px-oc-t?d-u?-~ 
1. T e s t  S e t u p  
- 
Engine v i b r a t i o n  tests at CCAD are i n i t i a l l y  performed i n  c o n j u n c t i o n  w i t h  
o t h e r  performance c a l i b r a t i o n s .  I f  tlre e n g i n e  is re . tcc ted  5ct.suse of  er- 
c e s s i v e  v i b r a t i o n ,  subset,uent r e t e s t s  are s o l e l y  v i b r a t i o n  clrecks. V i b r a t i o n  
measurements are taken mar.ually by rearl ing o v e r a l l  l e v e l s  d i s p l a y e d  'Jy a 
v i b r a t i o n  meter. The v i b r a t i o n  s e n s o r s  used i n  t h e  t e s t  c e l l  g e n e r a t e  a n  
e l e c t r i c a l  s i g n a l  p r o p o r t i o n a l  t o  t h e  v e l o c i t y  of  t h e  eng ine  c a s e  a t  t h e  
pick-up l o c a t i o n s .  The v ~ b r a t i o n  mvtr r  i n t e g r a t e s  t h i s  s i g n a l  and d i s p l a y s  
displaceraerrt l e v e l s  i n  m i l s .  peak t o  peak. F igu re  9 shows t h e  l o c a t i o n s  o f  
t h e  v i b r a t i o n  s e n s o r s .  
Of p a r t i c u l a r  i n t e r e s t  is t h e  l o c a t i o n  of  s e n s o r  No. 3. I t  is c t t a c h e d  to 
clre end of a th rec - inch  iong  o i l  d r a i n  p i p e  t h a t  e x t e n d s  from t h e  bottom o f  
t h e  t u r b i n e  case .  T h i s  mounting arrangement is very  f l e x i b l e  and can  e a s i l y  
d i s t o r t  t r u e  i n d i c a t i o n s  of eng ine  c a s e  v ib ra t ion* .  Recent unpubl i shed  s tud-  
ies by t h e  Department o f  t h e  Navy a t  t h e i r  P h i l a d e l p h i a  Eng inee r ing  Cen te r  have 
also shown t h a t  v e l o c i t y  s e n s o r s  arc s u s c e p t i b l e  t o  e r r o n e o u s  r e a d i n g s  i n  t h e  p re s -  
e n c e  of v i b r a t i o n  i n  a x e s  not  p a r a l l e l  t o  t h e  p r i n c i p a l  ax is  o f  t h e  v e l o c i t y  sr1:sor. 
I t  is recommended t h a t  a l t e r n a t i v e  mounting l o c a t i o n s  f o r  s e n s o r  No. 3 be 
eva lua t ed .  The e f f e c t i v e n e s s  of tllc o t h e r  t h r e e  s e n s o r s  t o  d e p i c t  r o t a t i n g  
unbalance f o r c e s  shc-old a l s o  be e v a l u a t e d .  Cons ide ra t ion  should  a l s o  be g i v e n  
t o  r e p l a c i n g   he v e l o c i t v  s e n s o r s  now used a t  CCAD. Accelerolneter  technology 
has made many advances  i n  r e c e n t  v e a r s .  T h i s  t y p e  of v i b r a t i o n  s e n s o r  is 
probably  more i d e a l l y  s u i t e d  t o  both  t e s t  c e l l  and a i r c r a f t  v i b r a t i o n  mon i to r ing .  
*An I11spr.c t ion  of a81 optbra t inji ~'11gint. a t  (:CAI) d i s c  losed  v i s u a l  s e n s o r  v i b r a  t  i o n s  
; ~ l ~ p r o x i m s t c l y  1 .5 mm ( I / l h  i n r l ~ )  . St.,* Scc t  ion I I .  
2. Test Procedure 
Specified engine speeds for vibration :ts are shown below: 
TABLE 2 
--- 
T53 ENGINE SPEEDS FOR VIBRATION TESTS 
-- 
Test Speed Compressor Rotor Power Turbine 
No. Speed 
--- 
Rotor Speed 
75.0% (18,860 rpm) 97.3% (20,513 rpm) 
80.0% (20,120 rpm) 80.02 (16.860 rpm) 
85.02 (21,380 rpm) 97.3% (20,510 rpm) 
90.0% (22,635 rpm) 94.8% (19,980 rpm) 
90.0% (22,635 rpm) 97.3% (20,510 rpm) 
90.0% (22,635 rpm) 100.4X (21,160 rpm) 
95.0% (23,890 rpm) 97.3% (20,510 rpm) 
Figure 23 presents the maximum acceptable vibration levels for T53 engines 
in the test cell. Figure 24 presents the results of vibration tests for a 
random sample of 20 of t!ie 1,200 T53 ensines tested in 1977. The shaded area 
on the curve for each sensor shows the envelope of measured vibration levels. 
The average vibration level and the applicable vibration limit are also shown 
07 each curve. These sample data indicate the long term trcnd of engine 
vibration levels at CCAD: very low vibration levels at sensors Nos. 1 and 4, 
somew?~at higher levels at sensor No. 2, and highest levels at sensor No. 3. 
Sensor No. 3 (attached to the turbine case) shows both the highest average 
and the greatest variance in vibration levels. Figure 24 shows that the 
maximum levels at sensors Nos. 1 and 4 and the average letels at sensor No. 2 
did not exceed 0.025 mm (1 mil). Sensor No. 3, however, had average levels 
that were in excess of 0.05 mm (2 mlls) at all vibration test speeds. It is 
important to note that the highest average vibration levels detected were those 
at sensor No. 3 for 80 percent power turbine speed. This speed (16,860 rpm) 
excites response to the engine's fourth critical speed, calculated to 
occur at 17,600 rpm and experimentally detected at approximately 17,200 rpm*. 
CCAD test c e l l  operators have confirmed that engine operation at  "80-80" 
(80 percent speed of both the compressor rotor and power turbine rotor - 
see Table 2) is the most common speed at which the vibration li.mit is exceeded. 
* 
See earlier discussion of analytical and experimental data, Section 11. 
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The fo l lowing  t a b l e  su~mnar izes  t h e  1977 C U D  r e p a i r  r e c o r d s  f o r  t h e  T53-L13 
eng ine .  
TABLE J 
---
T53 VIBRATION RE.IECTI0N RATE - 1977 
--- 
T o t a l  Engines Tested-------- 1198 
T o t a l  Engines E.>jectcd------ 469 (39% of To ta l  Tes t ed )  
T o t a l  Engiaes Rejec ted  
Because o f  Vibration-------- 278 (60% of To ta l  Re jec t ed )  
(23X of T o t a l  Tes t ed )  
Sensor  Causing \ ' i b r a t  ion Re jec t  i o c :  
Sensor  1 - 5 ( 2 %  of V i b r a t i o n  R e j e c t s )  
Sensc r  2 - 5 5  (202 of V i b r a t i o n  R e j e c t s )  
Sensor  3 - 218 (78: of Vihr. t t ion R e j e c t s )  
Sensor  4 - O 
r a b l e  3 shows t h a t  v ibr . i t ion  e t  s c n s o r  No. 3 c a u s e s  t h e  v a s t  m a j o r i t y  o f  
t h e  v i b r s t  i o n  r e j e c t  i ons .  
A s  showl i n  F igure  9 ,  s e n s o r  No. 3 measures r a d i a l  v ihr i l t  ion  a t  t h e  power 
t u r b i n e  case .  Remedial a c t i o n  t o  c o r r e c t  c x c e s s i v e  v i b r a t i o n  u s u a l l y  in -  
vo lves  t!re power turbitrr. .  A review of i e s t  d a t a  f o r  t h e  t h r e e  month p e r i o d  
of February - A p r i l ,  1977 disclosed t h a t  85 pe rcen t  of t h e  v i b r a t i o n  f a i l u r e s  
wcra caused  by exccss iv t?  v i b r a t i o r l  kit tlke power t u r b i n e .  The remaining  15 
pe rcen t  were caused by e s c t ~ s s i v c  a x i a l  v i b r a t i o n  ( s e n s o r  No. 2) .  The fo l low-  
i n g  t a b l c  p r e s e n t s  remedial  a c t i o n s  t a k r n t o  c o r r e c t  e n g i n e s  r e j e c t e d  because  
o f  e x c e s s i v e  v i b r a t i o n .  As t h e  t a b l e  s l ~ n w s ,  more than  75 p e r c e n t  of t h e  
r a d i a l  v i b r a t i o n  problems were corrtac t cd  hv a c t  i o n  invo lv ing  t h e  power cur- 
b inc .  Axia l  v ih r i l t  i o ~ ~  ~ , r o h l r m s  ex11 i h l  teki no s I e n  i f  i c a n t  tendency toward 
i111v Iwr t  i t su l a r  ct?rrCt-t i v t -  . ~ t - t  io11. 
TABLE 4 
--- 
KEMEDIAL ALX'IONS T 3  CORRECT T53 VIBRATION 
FEBRUARY - APRIL 1977 
- - 
Remedial  A c  t i o n  
R e p l a c e  Power Turbine* Assrmblv 
I n d c s  Power Turb  i n e  Ass~bmbl y
Rttba l a n ~ - e  Power Turb iut. t\ssrmb l y  
Replaces B e a r i n g s  
t2t.plac.c h c c r s s o r  ies 
Kcy lace! o r  Ual,ailct. Compressor  
Replace Powc.r Slraf t 
E i f e c  t i v e n e s s  o f  Kcmcclial A c t i o n  
i n  C o r r e c t i n g  E x c e s s i v e  V i b r a t i o n  
-- ----. 
Kitdial  V i b r a t  i o n  
. .- 
k i a l  V i b r a t i o n  
---- 
Recommendat i o n s  o u t l i n e d  above  c - o t ~ c t > r n i n ~ :  r i o d i f i c d  a s s e m b l y  and  b a l a n c e  t e c h -  
n i q u e s  and c v a l u a t  i o n  o f  t h e  powcr t u r b i u ~ t - p o w e r  stlaf t s p l i n e  w i l l  r e d u c e  test  
I 
c e l l  v i b r a t  i o n  l c v e l s .  These  recomm+-ndat i o n s  a r e  d i s c u s s e d  i n  d e t a i l  i n  I 
S e c t  i o n  V1. 
B. P r e s e n t  Engine Vibr i i t  i o n  D i a g n o s t i c  C ~ p a b i l  i t v  
--- ------ -2. 
Many of t h e  test  c e l l s  .it CGID arc'  b e i n g  a u t o m a t e d  t o  p e r m ; t  f a s t e r  t u r n -  
a r o u n d  f o r  e n g i n e  tes t  i n g .  Howcver , tllcx v i b r a t i o n  m o n i t o r  i n g  a s p e c t s  o f  t h e  
a c c e p t a n c e  tests are c o n d u c t e d  u s i n g  j u s t  o n e  v i b r a t i o n  m e t e r  w i t h  several 
h i g h - p a s s  f i l t e r s .  The meter r e a d s  o v e r a l l  v i b r a t i o n  leve 's  i n  m i l s ,  peak  
t o  peak.  The f i l t e r s  a r e  u s e d  t o  s c r d e n  o u t  low f r e q u e n c y  mount r e s o n a n c e s  
and w a t e r  b r a k e - r e l a t e d  f r e q u e n c i e s .  The o n l y  d i a g n o s t i c  t o o l  i n  u s e  is a 
p o r t a b l e  f r e q u e n c v  meter. T h i s  m e t e r  c a n  b e  uscd  t o  i n d i v i d u a l l y  d e t e r m i n e  
v i b r a t i o n  l e v e l s  a s  a f u n c t  i o n  of e n g i n e  t a c h o m e t e r  s p e e d .  L i s t s  c o n t a i n i n g  
t h C  r a t  io of  tlrc r o t a t i n g  s p e e d s  of majc)r cmgine components  t o  t h c  t a c h o m c t t ? ~  
s i ~ n . 1 1  , r rc  a v a i  l , i l ~ l c ~  t o  a s s i s t  i n  d t * t c r m i n i n s  tlrc f r c q u c n c y  .ind c;rusc of cs- 
c e s s l v t ~  vihrcr t  ion It.vc-Is. A kev sourccl  ol  d i . ~ g r l o s t  i t .  . incl lysis  is t l r t .  test  
(.ell  o p e r a t o r .  Engincs  may be rcworhc'd b . ~ s c d  011 iI dc.c.isit~rr by tllc o p e r a t o r  
t h a t  an e n g i n e  is " t o o  rt)tlglrW t o  t e s t  . 
It should be noted that, as part of the test cell modernization effort, 
a centralized analog tape secondary and spectrum analysis system has been 
partially installed at CCAD. However, interface problems between this 
E:pstem and the data acquisition hardware in the test cells have prevented 
this equipment from being fully utilized. 
Recent advances in both vibration instrumrntation and diagnostic capabilities 
could be effectively implemented at C U D .  Automated vibration data acquisition, 
display, and diagnostics could he configured to interface with the computerized 
capabilities available in modernized test cells. Capabilities of this kind 
would permit instantaneous display of vibyation signatures, comparison to 
both the vibration limit ard other accumulated engine data, determination 
of the cause of excessive vibration and remedial action to be taken. Overall 
test cell time rework cycle and the rlmorrnt of retesting required could be 
significantly reduced. It is recommended that an automated vibration data 
acquisition, display, and diagnostic system be incorporated into the modern- 
izat ion program For CCAD test cells. The partially installed equil>ment now 
at CCXI  could form the central core upon which an automated system could be 
built. 
SECTION V 
ECONOMIC IMPACT OF PRESENT T53 ROTOR BALANCE, 
ASSEMBLY, AND ENGINE VIBRATION TEST PROCEDURE AT CCAD 
The t o t a l  c o s t  t o  overhaul a T53 engin<& is approximately $19,600. Direct 
l a b o r  and overhead maintenance c o s t s  a r e  approximately $27 p e r  hour. As 
noted i n  Table 3, 278 o f  t h e  1.198 T53 engines  t e s t e d  a t  CCAD i n  1977 were 
r e j e c t e d  because of excess ive  v i b r a t i o n .  The fol lowing t a b l e  p r e s e n t s  a 
breakdown of  manhours requ i red  t o  rework a T53 engine r e j e c t e d  i n  the  test 
c e l l  because of excess ive  v i b r a t i o n :  
AVEWE CCID MANHOURS REQUIRED TO REWORK A T53 ENGINE 
Work C c s  
Test C e l l  (Troub leshoot ing)  
Hot Sect ion Shops 
Small P a r t s  and Housing Repair 
Rework of Reject  P a r t s  
Balance Shops 
Engine Assembly 
Tota l  
Average 
Manhours 
5.7 
I n  a d d i t i o n  t o  the  46.4 manhours es t imated above, a d d i t i o n a l  m a t e r i a l s  
and p a r t s  are required f o r  each engine rework. Each reworked engine must 
a l s o  be r e i n s t a l l e d  and r e t e s t e d  i n  the  t e s t  c e l l .  The fol lowing in -  
formation can be used t o  c a l c u l a t e  t h e  t o t a l  c o s t  of reworking and r e t e s t i n g  
an engine r e j e c t e d  because of excess ive  v i b r a t i o n :  
I $27 46.4 manhours --~-- - 150 1.25 t e s t  c e l l  hours  + -- X - manhour engiue ( + I t e s t  :ell hour engine I 
$100 m a t e r i a l s  and p a r t s  
engine = $1,54O/engine 
During 1977, 278 T53 engines  a t  CCAD were r e j e c t e d  because of e x c e s s i v e  
v i b r a t i o n .  Thus, t h e  t o t a l  c o s t  a s s o c i a t e d  w i t h  v i b r a t i o n  r e j e c t i o n  a t  
CCAD is equa l  t o  $1.540/engine s 278  engines ,  o r  approximately $430,000. 
Because of t h e  l a r g e  volume of  T53 engines  t e s t e d  a t  CCAD, any c o r r e c t i v e  
a c t i o n  taken t o  reduce t h e  v i b r a t i o n  r e j e c t i o n  r a t e  can  have n major 
impact on o v e r a l l  c o s t  sav ings .  Implementation of t h e  recornendot ions  made 
i n  t h i s  r e p o r t  w i l l  r e s u l t  i n  s i g n i f i c a n t  c o s t  sav ings  bv accomplishing 
t h e  following: 
Inc reas ing  t h e  " f i r s t  pass" acceptance  r a t e  o f  T53 engines .  
Unbalance v i b r a t i o n  l e v e l s  reduced because of b e t t e r  q u a l i t y  
r o t o r  balancing.  
Decreasing t h e  number of t imes a r e j e c t e d  engine  must b e  r e t e s t e d  
and reworked t o  ach ieve  requ i red  v i b r a t i o n  l e v e l s .  Diagnost ic  
and symptom f a u l t  informat ion p inpo in t  causes  of excess ive  
v i b r a t i o n  and ou t  l i n e  remedial  a c t  ion.  
Tes t ing  engines  i n  a manner which r e f l e c t s  t h e i r  a i r c r a f t  usage,  
P o t e n t i a l  r e j e c t i o n s  i d e n t i f i e d  b e f o r e  they  s u r f a c e  i n  
t h e  f i e l d ,  and v i b r a t i o n  r e j e c t i c n s  caused by nonre la ted  test 
c e l l  equipment e l imina ted .  
SECTION V I  
--
CONCLUSIONS 
--
A. General 
Work conducted under t h e  p r e s e n t  c o n t r a c t  h a s  r e s u l t e d  i n  a b a s i c  under- 
s t and ing  of  t h e  rotordynamic c h a r a c t e r i s t i c s  and how they i n t e r a c t  wi th  t h e  
overhaul  environment of  T53 eng ines  a t  CCAD. The high v i b r a t i o n  r e j e c t i o n  r a t e s  
a t  CCAD a r e  caused by s e v e r a l  f a c t o r s ,  which a r e  d i scussed  below. Cor rec t ive  
a c t i o n  should  be taken i n  t h e s e  a r e a s  t o  a s s u r e  s a t i s f a c t o r y  v i b r a t i o n  reduc t ion  
i n  t e s t  c e l l s  tha t  a r e  r z p r e s e n t a t i v e  of a i r c r a f t  i n s t a l l a t i o n s .  
B. Computer Simulat ion 
Computer s i m u l a t i o n  of the  T53 has  d i s c l o s e d  t h a t  s e v e r a l  c r i t i c a l  specds  
a r e  p resen t  wi th in  t h e  eng ine ' s  o p e r a t i n g  speed range. The a n a l y t i c a l  mode 
shapes a t  t h e s e  c r i t i c a l  speeds have shown t h a t  s i g n i f i c a n t  component bending 
is encountered,  p a r t i c u l a r l y  i n  the  power t u r b i n e  r o t o r  module. The c r ' t i c a l  
speeds and r e s u l t i n g  mode shapes depend upon whether t h e  engine  is t e s t e d  
whi le  i n s t a l l e d  i n  an  a i r c r a f t  o r  i n  a t e s t  c e l l .  The p red ic ted  c r i t i c a l  
speeds agree  c l o s e l y  wi th  exper imenta l  d a t a .  
V e r i f i c a t i o n  of c r i t i c a l  speeds p red ic ted  by the  computer model was accom- 
p l i shed  by measuring a c t u a l  v i b r a t i o n  l e v e i s  of o p e r a t i n g  engines  i n  both 
t e s t  c e l l s  and a i r c r a f t .  The e f f e c t  of Dower t u r b i n e  unbalance dominates 
the  engine 's  v i b r a t i o n  s i g n a t u r e .  
C. Sp l ine  S h i f t  
Analys is  of t h e  exper imenta l  d a t a  has a l s o  d i s c l o s e d  a  probable s p l i n e  s h i f t  
at  t h e  power turbine-power s h a f t  j o i n t .  This  phenomenon, i f  r e p r e s e n t a t i v e  
of a  s i g n i f i c a n t  p o r t i o n  of overhauled T53 eng ines ,  w i l l  a f f e c t  o t h e r  a t t e m p t s  
t o  reduce engine v i b r a t i o n  r s j e c t i o n  r a t e s .  
D. Test  Cel 1-Airf rame h o u n a  
Typical  test c e l l  v i b r a t i o n  l e v e l s  a r e  lligllcr than those  measured on eng ines  
i u s t a l l e d  i n  a i r c r a f t .  These differences are caused by s e v e r a l  i n s t a l l a t i o n  
d i f f e r c n c e s  i n  t e s t  c e l l  and a i r c r a f t  i n s t a l l a t i o n s ,  i n c l u d i n g  e n g i n e  mount- 
i n g  c o n f i g u r a t i o n s  and t e s t  c e l l  a c c e s s o r i e s  ( i . e . ,  a  w a t e r  b r a k e  used t o  
l oad  t h e  e n g i n e  and an  exhaus t  plenum). T e s t  c e l l  e n g i n e  mounting c o n f i g u r a -  
t i o n s  shou ld  b e  modi f ied  t o  dynamica l ly  r e f l e c t  a c t u a l  a i ~ - ; r a f t  i n s t a l l a t i o n s .  
Such m o d i f i c a t i o n s  w i l l  a i l o w  more r e n l i s i t i c  e n g i n e  t e s t s ,  d e t e c t i o n  of  po- 
t e n t i a l  problems b e f o r e  t hey  s u r f a c c  i n  t h e  f i e l d ,  a ~ d  r e d u c t i o n  of premature 
e n g i n e  removals .  
E. Assembly Balarice of  Power Turb ine  
Ba lanc ing  t e c h n i q u e s  p r e s e n t l y  used a t  CCAD mc. a l l o w  r e s i d u a l  unbalance  i n  
an  assembled e n g i n e .  The power s h a f t  is  suppor t ed  by Vee b l o c k s  w h i l e  b e i n g  
ba l anced .  T h i s  a l l o w s  t h e  s h a f t  t o  r o t a t e  a b o u t  a  c e n t e r  t h a t  i s  no t  t h e  
s h a f t ' s  c e n t e r  of  r o t a t i o n  i n  ttie assembled e n g i n e .  A s h a f t  ba l anced  by 
t h i s  method w i l l  n o t  havc t h e  same d e g r e e  of ba l ance  i n  t h e  assembled eng ine .  
T h i s  i naccu racy  cou ld  be  e l i m i n a t e d  by pe r fo rming  a h i g h  speed  b a l a n c e  o f  t h e  
assembled power t u r b i n e  and power s h a f t  r o t o r .  H';h speed  b a l a n c i n g  is par-  
t i c u l a r l y  a p p l i c a b l e  because t h i s  r o t o r  module p a s s e s  through bending  modes 
d u r i n g  normal  o p e r a t i o n .  High speed b a l a n c i n g  can  reduce  unbalance  f o r c e s  t o  
l e v e l s  t h a t  cannot  be a t t a i n e d  w i t h  c o n v e n t i o ~ ~ a l  low speed r i g i d  r o t o r  ba l anc ing .  
F. Assemblv Balance of Comuressor 
Although t h e  dynamic o p e r a t  i n g  c h a r a c  t c \ r i  st i c s  (bending  modes) of t h e  power 
turbine-power s h a f t  r o t o r  i n d i c a t e  a  need f o r  h igh  speed b a l a n c i n g ,  t h e  ana- 
l y t i c a l  mode shapes  of t h e  compressor  r o t o r  i n d i c a t e  t h a t  t h i s  r o t o r  remains  
e s s e n t i a l l y  r i g i d  througliout i t s  o p e r a t i n g  speed  range .  T h e r e f o r e ,  a  q u a l i t y  
low speed b a l a n c e  should  r e s u l t  i n  s a t i s f a c t c r y  o p e r a t i o n  a t  speed .  The com- 
p re s so r -gas  g e n e r a t o r  r o t o r  shou ld  bc low speed ba lanced  a s  an  assembly b e f o r e  
i n s t a l l a t i o n  i n t o  tlie eng ine .  
G.  V i b r a t i o n  Moni tor ing  Loca t ions  
The g e n e r a l  l o c a t i o n  o f  t h e  s e n s o r  t l ~ a t  measures r ad i ' i l  v i b r a t i o n  a t  t h e  power 
t u r b i n e  c a s e  i s  good from a  dynamic s t a n d l ~ o i n t  ( i . c . ,  t l ie e n g i n e  c a s e  i n  t h i s  
a r e a  is s e n s i t i v e  t o  r o t o r  v i b r a t i o n ) .  However, t h e  mounting b r a c k e t  f o r  
t h i s  s e n s o r  is ve ry  f l e x i b l e  and a t  some f r e q u e n c i e s  may d i s L o r t  f o r c e  i n d i c a -  
t i o n s  of e n g i n e  v i b r a t i o n .  AJ t e rna tc .  l o c a t  i o n s  f o r  Lhis  s e n s o r  i n c l u d e  an 
assembly f l a n g e  o r  o t h e r  bo l t ed  component i n  t h e  v i c i n i t y  w i t h  t h e  need f o r  
thermal i s o l a t i o n .  An adap te r  s i m i l a r  t o  t h a t  and f o r  pick-up No, 1 or 2 
( s e e  Figure  9) could  then  by used. The p r e s c n t  l o c a t i o n s  f o r  s e n s o r  No. 2 
is considered adequate.  The p r e s e n t  l o c a t i o n  f o r  sensor  No. 1 is  considered 
adequate but  its c a p a b i l i t y  t o  sense  unbalance f o r c e s  is ques t ioaab le .  The 
use of s e n s o r  No. 4 ( loca ted  on t h e  water brake) is  of  quest:onable v a l u e  i n  
monitoring engine  v i b r a t i o n ,  but  may be of some va lue  i n  determining water 
brake included v i b r a t i o n s .  
Attempting t o  r e c o n f i g u r e / r t l o c a t e  the  t e s t  c e l l  ins t rumenrnt ion t o  b e t t e r  re-  
f l e c t  engine  performance cond i t ions  i n  t h e  a i r c r a f t  j.s considered t o  be  in-  
f e a s i b l e  because of t h e  d i s s i m i l a r i t i e s  between test c e l l  and a i r c r a f t  mountings. 
S t i f f n e s s  and damping d i f f e r e n c e s ,  when coupled wi th  requ i red  t e s t  c e l i  acces- 
s o r i e s ,  s i g n i f i c a n t l y  change engine  case  v i b r a t i o n  response  i n  t h e  two i n s t a l l a -  
t i o n s .  Tes t  c e l l  mounting c o n f i g u r a t i o n s  should be modifir!d t o  b e t t e r  r e f l e c t  
a i r c r a f t  i n s t a l l a t i o n s .  
H. V ib ra t ion  Sensors 
Recent s t u d i e s  by t h e  Department of t h e  Navv have a l s o  shown t h a t  v e l o c i t y  
sensors  a r e  s u s c e p t i b l e  t o  er roneous  read ings  i n  t h e  presence of v i b r a t i o n  
i n  axes  no t  p a r a l l e l  t o  the  p r i n c i p a l  a x i s  of the  v e l o c i t y  sensor .  Considera- 
t i o n  should be  given t o  replacement of t h e  v e l o c i t y  s e n s o r s  now used a t  CCAD. 
Accelerometer technology has  made many advances i n  r e c e n t  y e a r s  and may be 
more i d e a l l y  s u i t e d  t o  t h i s  a p p l i c a t i o n .  Attdching an accelerometer  next  
t o  a  v e l o c i t y  sensor  on an o p e r a t i n g  engine  vould he lp  determine the  accuracy 
of t h e  p resen t  sensors .  
I. Test  Procedure -. and Vibra t ion Re jec t ions  i c  t h e  Test  C e l l  
The l a r g e  major i ty  of v i b r a t i o n  r e j e c t i o n s  a r e  caused by excess ive  v i b r a t i o n  
a t  sensor  No. 3 (see Table 3 ) .  T l ~ r s e  r e j e c t i o n s  a r e  p r imar i ly  caused by un- 
balance response of  t ILLS pow~*r turhinc* r o t o r  module. Th i s  unbalnl~cc  forcL. 
caitscs v i b r a t  FOII \)roll lcsn~s  j II ~ I I ~ C ~ C ~  ~l isL i1l1.t ways. F i r s t ,  ~ I I C  u ~ ~ b a l a ~ l c e  i n  
tlrc r o t o r  causes  lligller syucl~ronous v i b r a t i o n  l e v e l s  a t  a l l  engine  speeds .  
Second, r o t o r  unbalance e x c i t e s  unacceptable  response  nea r  engine  c r i t i c a l  
speeds. Th i rd ,  r o t o r  unbalance f o r c e s  may e x c i t e  sensor  suppor t  s t r u c t u r e s ,  
thereby causing erroneous  i n d i c a t i o n s  of v i b r a t i o n  l e v e l s .  
These t h r e e  r e a c t i o n s  t o  power t u r b i n e  r o t o r  unbalance may be viewed a s  
s e p a r a t e  dources of v i b r a t i o n .  Action may be taken t o  reduce o r  e l i m i n a t e  
s e v e r a l  of these  sources  ( i . e . ,  move engine v i b r a t i o n  t e s t  speeds away from 
engine  c r i t i c a l  speeds,  a l t e r  the  suppor t  s t r u c t u r e  f o r  sensor  No. 3 o r  modify 
t e s t  c e i l  engine mounting t o  r e f l e c t  a i r c r a f t  i n s t a l l a t i o n s ,  thereby c t l a n ~ i n g  
( r i t i c a 3  engine  speeds) .  Th i s  approach, however, is t r e a t i n g  the  symptoms 
of the  problem and not t h e  cause.  The primary cause of a l a r g e  p o r t i o n  of 
T53 v i b r a t i o n  r e j e c t i o n s  i s  unbalance ~f the  power turbine-pcwer s h a f t  r o t o r  
module. The bending c h a r a c t e r i s t i c s  of the  r o t o r  n e c e s s i t a t e  high speed Lal- 
ancing.  Effective high speed balancing of the  power t u r b i n e  r o t o r  mod\~.le w i l l  
e l imina te  much of t h e  T57 v i b r a t i o n  problcm a t  CCAD. 
The p resen t  engine  speeds used t o  check t e s t  c e l l  v i b r a t i o n  a r e  considered 
t o  be adequate.  Indeed, from a rotordynamic s t a n d p o i n t ,  i t  is d e s i r a b l e  t o  
check c i t r a t i o n  a t  speeds c l o s e  t o  s h a f t  c r i t i c a l s ,  f o r  is  a t  t h e s e  speeds  
t h a t  s h a f t  unbalance is mosL pr -ounced. 
H i s t o - i c a l  d a t a  i n d i c a t e s  t h a t  few engines  which have been ac.-epted i n  the  t e s t  
c e l l  perform unacceptably i n  t h e  a i r c r a f t .  Lowering t e s t  c e l l  v i b r a t i o n  l i m i t s  
would, t h e r e f o r e ,  tend t o  i n c r e a s e  the  a l ready  excess ive  test c e l l  v i b r a t i o n  
r e j e c t t o n  r a t e  wi thout  any n o t i c c a b l e  improvement i n  t h e  f i e l d .  An i n v e s t i g a t i o n  
of r a i s i n g  t e s t  c e l l  v i b r a t i o n  l i m i t s  was hampered by u n a v a i l a b i l i t y  of i n - f i e l d  
d a t a  f o r  c r i t i c a l  p a r t s  f a i l u r e  r a t e s  and v i b r a c i o i ~  degrddat ion i n  s e r v i c e .  The 
p resen t  v i b r a t i o n  acceptance  c r i t e r i a  used i n  t e s t  c e l l s  a t  CCAD is, t h e r e f o r e ,  
considered t o  be adequate f o r  a n  i n t e r i m  per iod of time u n t i l  t h e  t e s t  c e l l  pro- 
cedure and equipment more c l o s e l y  r e f l e c t  t h e  a i r c r a f t  i n s t a l l a t i o n .  
J. Diagnost ics  
Operable t e s t  c e l l  d i a g n o s t i c  c a p a b i l i t i e s  a t  CCAD c o n s i s t  of a frequency ineter 
and t h e  exper ience  of  t e s t  personnel.  Modernized v i b r a t i o n  d a t a  a c q u i s i t i o n ,  
d i s p l a y ,  and c i iagnost ics  should be implemented i n  modernized t e s t  c e l l s  a t  CCAD. 
Overal l  t e s t  c e l l  time and the  amount ci r e t e s t i n g  requ i red  woul4 be s i g n i f i -  
cant  l y  reduced. Tllr p a r t  i :?l l y  i n s t a  1 l c d  l -ontrn 1 i zed aualog t;lpc. r ecord ing  and 
sptlctrum a n a l y s i s  systzm now a t  CCN)  could form the  c e n t r a l  c o r e  upon which an 
automated system could be k u i l t .  
K. Ecoi~omic Impact 
Each T53 engine rejecttd hecausc of test cell vibration results in 
an additional $1,540 cost for rework and retest. Based on ttre reported test 
volume and vibration rejection rate lor 1977, the total cost associated wit!r 
T53 vibration rejection at CCAD ud.; approximately $430.000. Bascd on often 
reported vibration rejection rates of 40 percent, tlris figure is approximately 
$750,090 per year. Implementation o f  the recommendat ions set fortlr in this 
::port will result in significant cc~t savings by increasing tile "first pass" 
acz~~tance of tested engines, decreasing ttre number of times a rejected engine 
must be reworked and retested, identifying potential vibration rejections be- 
fore they surface in the field, and eliminating vibrarion rejections caused 
by nonrelated test cell equipment. 
SECTION VI I 
RECOMMENDAT IONS 
In 1977, T53 engine vibration rejections cost the overhaul center approxi- 
mately $430,000. This figure has at times been reported to reach approxi- 
mately $750,000 per year. Implementation ~f the recommendations summarized 
below will result in substantial cost saviugs. This would be accomplisl~cd 
by increasing the "first pass" acceptance of tested engines, decreasing the 
number of times a rejected engine must be reworked and retested. identifying 
potential vibration rejections before they surface in the field, and eliminat- 
ing vibration rejections caused by nonrelated test cell equipment. 
A. Optinurn Assembly and Balance of Power Turbine 
Results of the computer simulation of the T53 engine have indicated that there 
is significant power turbine rotor module bending at speeds within the engine's 
operating speed range. high speed balancing techniques should be applied to 
this assembled rotor module. Unbalance-caused vibration of this rotor is the 
primary cause of the present T53 vibration rejection rate. 
Assembled power turbine rotors (with intermediate static structure) and power 
shaft should be balanced as an assembly using multiplane multispeed balancing 
methods. The high speed balancing machine should be of a special design that 
will permit safe, repeatable and timely balancing of assembled rotors. Balancing 
could be acconplished in situ by removing metal at the ends of the power shaft's 
large central diameter and on one of the power turbine stages. Automatic metal 
removal (laser) and adaptability to other types of power turbine modules would 
provide additional advantages. The power shaft could then be match marked, re- 
moved and reassembled to the power turbine stages in the engine case without 
further disassembly. 
B. Optimum Assembly and Balance - of Compressor 
The compressor-gas generator rot~r ,nodule remains essentially rigid at all 
engine speeds. However, a quality law speed assembly balance would also re- 
duce vibration levels. Isow speed assembly balancing techniques should be 
applied to this assmebled rotor. 
Assembled g a s  g e n e r a t o r s  (wi th  in te rmedia te  s t a t i c  s t r u c t u r e )  and compressor 
r o t o r s  should be low speed balanced a s  a module by removing metal a t  both  t h e  
f i r s t  compressor s t a g e  and t h e  f i r s t  g a s  :enerator s t a g e .  I f  balanced w i t h  a n  
entrapped power s h a f t ,  t h e  balanced conpressor  could  then be i n s t a l l e d  i n  t h e  
engine  c a s e  wi thout  a i sassenb ly .  
C. Evaluat ion of  Power Turbine - Power S h a f t  S p l i n e  
m a l y s i s  of t h e  exper imenta l  d a t a  gathered dur ing  t h i s  s tudy  h a s  d i s c l o s e d  a 
probable s p l i n e  s h i f t  a t  the  power turbine-power s h a f t  j o i n t .  F i e l d  measure- 
menlrs by CCAD personnel  confirm t h a t  s i g n i f i c a n t  component wear h a s  occurred i n  
most overhauled engines.  Th i s  phenomenon, i f  r e p r e s e n t a t i v e  of  a s i g n i f i c a n t  
p o r t i o n  o f  overhauled T53 engines ,  w i l l  impact o t h e r  a t t e m p t s  t o  reduce eng ine  
v i b r a t i o n  r e j e c t i o n  r a t e s .  It is recommended t h a t  t h c  measurements and r e p l a t i n g  
e f f o r t s  begun a t  CCAD be continued.  It is a l s o  recommended t h a t  t h e  dynamic 
e f f e c t  of t h e  s p l i n e  s h i f t  and how i t  is  e f f e c t e d  and c o n t r o l l e d  by unbalance 
bc exper imenta l ly  evaluated i n  any follow-on e f f o r t .  
D. Modification of Tes t  C e l l  Engine Mounting 
Becsuse of d i f f e r e n c e s  i n  t e s t  c e l l  and a i r c r a f t  i n s t a l l a t i o n s ,  t y p i c a l   st 
c e l l  v i b r a t i o n  l e v e l s  a r e  h igher  than t y p i c a l  a i r c r a f t  v i b r a t i o n  l e v e l s .  
Tes t  c e l l  engine mounting cot . f igura t ions  should be inodified t o  dynamically 
r e f l e c t  a c t u a l  a i r c r a f t  i n s t a l l a t i o n s .  Such modi f i ca t ions  w i l l  a l low eng ines  
t o  be t e s t e d  i n  a manner s i m i l a r  t o  t h e i r  a i r c r a f t  usage, a s  we l l  a s  permit  
d e t e c t i o n  of p o t e n t i a l  problems be fore  they s u r f a c e  i n  t h e  f i e l d .  
E. Incorpora t ion  of Tes t  C e l l  Diagnost ics  
Automated v i b r a t i o n  d a t a  a c q u i s i t i o n ,  d i s p l a y ,  and d i a g n o s t i c s  should be con- 
f igured  t o  i n t e r r a c e  w i t h  t h e  computerized c a p a b i l i t i e s  a v a i l a b l e  i n  modernized 
test c e l l s  a t  CCAD. C a p a b i l i t i e s  of  t h i s  kind w i l l  permit  ins tan taneous  d i s -  
p lay  of v i b r a t i o n  spectrums, comparison t o  both t h e  v i b r a t i o n  l i m i t  and o t h e r  
~ccumula ted  engine  s i g n a t u r e s ,  and dctcrminat ion of t h e  cause  of excess ive  
v i b r a t i o n  and remedial  a c t i o n  t o  be taken.  Overa l l  t e s t  c e l l  t i m t  and t h e  
amount of r e t e s t i n g  requ i red  would be s i g i ~ i f  i c a n t  ly  rcduced. 
1. Evalwtion of  Veloci ty  Sensors 
kccat ettdies have shown that v e l o c l t y  s r n s o r s  are s u s c c p t i h l r  to erronrww 
readings i n  t h e  presencc o f  v i b r a t i o n  i n  axes not p a r a l l e l  t o  t h e  p r i n c i p a l  
axis of t h e  v e l o c i t y  sensor .  Consideration should be given t o  r e p l a c i n g  t h e  
v e l o c i t y  s e n s o r s  p r e s e n t l y  used at t h e  overhaul c e n t e r .  
The mountins a r rangeren t  f o r  t h e  sensor  that measures power t u r b i n e  c a s e  vibra-  
t i o n  is very f l e x i j l e  and may, a t  c e r t a i n  speeds. d i s t o r t  t r u e  i n d i c a t i o t ~ s  of 
e n a i m  v ibra t ion .  A 1  t e r n a t e  sensor  mountings should be evaluated.  
C. Opt hum Product ion Tests ,  Instrumencat ion and Repalr Procedures 
Evaluation and implementat ion of the reconmer4at ions  uut l i n t 4  above w i l l  re- 
s u l t  i n  an optimum method f o r  e v a l u a t i n g  tiw v i b r a t i o n  c h a r . ~ c t e r i s t i r s  of 
overhauled T53 engines a t  CCAD. An optimum test t e l l  production t c s t  wurrld 
only involve engines  wi th  s h a f t s  t h a t  had been assembly balanced a t  h i ~ h  s p e d  
(power tu rb ine)  o r  lw speed (compressor-gas generator)  . An autome ted  v i b r a t i o n  
d a t a  a c q u i s i t i o n  system would a c q u i r e  and d i s p l a y  on-line v i b r a t i o n  d a t a  aad c o w  
pare  i t  t o  a d a t a  base of similar engines  and any previous  runs  of t h e  engine 
being t es ted .  I f  t h e  engine 's  v i b r a t i o ~ ~  l e v e l s  are accep tab le ,  its v i b r a t i o n  
spectrum can be added t o  t h e  d a t a  base a s  w e l l  a s  f i l e d  f o r  f u t u r e  comparisons 
at C W  o r  t o  in - f i e ld  v i b r a t i o n  checks. Engines wi th  unacceptable v i b r a t i o n  
l e v e i s  w i l l  be au tc~mat ica l lv  diagnosed and t h e  l i k e l y  causes  of t h e  over  spec 
v i b r a t i o n  and most e f f e c t i v e  r e p s i r  procedures i d e n t i f i e d .  
Incorporat ion of these  optimum procedures w i l l  i nc rcase  t h e  f i r s t  p;rss acccp- 
tance of t e s t e d  engines ,  decrease  t h e  ~rumber of t imes a r c j c c t e d  engine must 
be reworked and r e t e s t e d ,  i d c n t i f y  po t t .n t i s l  v i b r a t i o n  r r j c c c i o n s  bcforc. they 
occur i n  t h e  f i e l d  atrd c l i m i n a t c  v i h r a t  ion r e j e c t  ions caused by tronrc.l;atcd 
test c e l l  equipment. 
